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1. INTRODUCTION

This report sununa¡izes the work done by Brookhaven Nation¿r"l Lab ancl Optovac on

CRADA No. BNL-C-94-26, the prrrpose of whidr was to sturly racliation clarnage in certain

iypes of fluoride crystals. Because of the irn¡rortant commercial as¡>ect of developing high

radiatior¡ resistant CaFz ancl MgFz for optical winclows for 193 mn ArF excimer lasers,

which are used in la^ser eye surger¡ rnicromachining, and could ¡rlay a major role in the

next generation of UV lithography, this stucly concentratecl mainly ou these two rnaterials.

Optovac rnanufactrrres CaF2 ancl MgF2 ¡rolishecl la"ser winclows for cornmercial use. Over

the past several years, ìrasecl on the expected increasecl use of ArF excimer lasers outside

the resea¡ch community, Optovac ha-s grown ingots anci fabricatecl test saur¡rles using raw

rnaterials frorn various soulces in orcler to evaluate their resistance to col<¡r center formation

ancl failure over tirne wlrr¡n sul>jectecl to ¡rulsecl 193 nur laser light. As a result, a baseline

on the performauce of these utatel'ials has l¡eeu establishecl which serves as a guicle for

ftrrther improveni.ents with respect tc¡ their r¿lcliaticxt resist¿lnce.
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The purpose of the siudy was to seardr for a correlation ir¡ the level and type of

racliation .i.*.g" proclucecl in CaF2 ancl MgF2 winclows by 193 nm excimer laser light

with daìnage proclucecl by 60Co 
€Tarnrna rays. If such a correlatio¡ì ca.¡r be established, as

tlie data obtaiirecl in this stucly iiiclicates, it will be 1>ossible to stttcly racliation damage

in these materials using 60Co iu a much more efficient an<l cost effective way. This woulcl

elinrinate the nee<lfor using an excirner laser to stucly the clarnage, which can require nìany

ìa-ser n'.llses ove!' a cnrrsider'rhle l:eriod of time- and allow a rnuch utore rarricl anrl rletailed------ --r---

study of many types of clanrage effects. It will also allow for a rapicl and iuexpensive way of

selecting racliation harcl r¡raterial ìrefore it is fabricated into expeusive optical cornponents.

In aclclition, it will ìeacl to a better unclerstancling of the clamage process itself, which will

hopefully result in iurprovecl ancl more racliation harcl materials.

2. SAMPLE Pa.EPAR.ATION

Optovac gro$'s a nuurller of fluoride crystals such as CaF2, MgFz, SrF2, BaF2 and LiF by

the Briclgeman-Stoclrbar¡çer urethocl a.s cc¡rnrnercial production processes. Although there

âre some variations in the cietails, the basic methocl is the satue f<rr all of the CaF2 anci

MgFz sarnples preparecl frx' this stucly. The raw material is first ureltecl in a crucible inside

the furnace. Crystal growth is accornplishe<l by lowering the crucible out of the hot zone

such that the material soliclifies from the bottom up to form a crystal. Fluorides of good

optical quality require a growth environment of very low tnoisture ancl oxygen, which is

accomplished in part l>y growth turcler vactlurn conclitions using a diffusion purnp. The

evacuable growth ciramber consists of a steel ìrell jar ancl a base ¡riate ñttecl witir seaie<i

throughputs for graphite electrocles, ancl a cylinclric.al slottecl graphite heating element that

is supportecl by graphite electrocle peclestals. During a typical growth, the molten ingot

material is hekl insicle a graphite crucil¡le which rests ou a support system containing a

grovable peclestal that can be raisecl or lowerecl. The teurl>erature withirr the furnace is

acljr.rstecl so that ühe bott<un of tiie cnrcil:le is locatecl in a tem¡reratt¡re graclient such that

tlre u1r1:er lrart clf tlte setl<l arrcl all clf tlre trraterial al>clve it is r¡:cllteci. Seecied growtlr is

acco¡rplishecl ìry slorvly lowering the crucil>le such ihat tlie crystal is ¡çrown by rnoving the
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the molten ingot througii ihe solicl-liquid interface. Generally, all crystals are annealed in

the furnace after the growth process is complete, or later in a furnace designed to reduce

strain *ithit the crystal ingot.

Sample Size RM Source Pretreatment

CaFz Sei 5492059

1446 50.8 x 10.0 urm A 1

1447 (447) 50.8 x 10.0 mrn A 2

1448c (48C) 50.8 x 10.0 m¡u A 3

1T (31T) 50.8 x 10.0 mr¡r A 1

1B (318) 50.8 x 10.0 nun A 1

2T (72T) 50.8 x 10-0 rnrn A 4

3T (13T) 50.8 x 10.0 mm B 5

38 (138) 50.8 x 10.0 nun B 5

4T (54T) 50.8 x 10.0 rnur C 5

48 (548) 50.8 x 10.0 uun C 5

CaFz Set 54940

0124 50.8 x 9.53 mm C 6

74 50.8 x 9.53 mrn C 6

16 50.8 x 9.53 uun D 6

174 50.8 x 9.53 mni D 6

MgFe Set 54940

044 36.0 x 10.0 nun C 6

054 36.0 x 10.0 mrn A I

064 36.0 x 10.0 rnm E 6

074 36.0 x 10.0 mn: F 1

104 36.0 x 10.0 rnur E 6

114 36.0 x 10.0 nrnr G Bla^nk

Table 1. CaF2 ancl MgF2 samples ¡rrepalecl for exciurer laser ancl gamrna ray irracliation
stucly.

Twenty samples of ¡rolishecl CaF2 and MgF2 were preparecl by Optovac for this stucly

a¡rcl are listecl iu Tablc 1. The RM source cr¡lumn refers to the urannfacturer ancl gratie

of the raw rnaterial. The Pretreatneut columrr represeuts a treaturent of ihe raw material
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prior to or during the growth process which is considered proprietary by Optovac at this

time. In several cases, the same letter designation is used for both the CaF2 and MgF2,

which inclicates the sarne manufacturer a¡rd gracle for both. The sarnples were either

iclentical to the <¡¡tes rrs<lcl fc¡r tlie excimer laser clainage mea^surernents, or cluplicate sarnples

from the saure ingots used in thc¡se tests. The fourteen CaF2 samples represent eleven

different ingots grown ancl fal¡ricatecl at O¡>tovac, ancl the six MgF2 sarnples represent

five rlifferent irrcrntq rrl'naurì qf f)rrt^r¡ac qrrrl 
^r.o cqrrrrrlp f"^rtr o ^.rrr-f)^Èrrrrâ. e^trr.ê Þor'---- ---Ò"

materials fron:. several sources rvere testecl in orcler to juclge the results related to factors

outside the procltrctiou l>rocess. Sarnple 114 represents a crystal blank purchased from

another corrrpany. All samples, inc.lucling sarnple 1lA, were polished with the standarcl

O¡rtovac process.

3" RESULTS FROM LASER DAMAGE

Sarnples grown at O¡rüovac u/ere initially ex¡rosecl to excimer laser racliation at the MIT
Lincoln Laboratory. Tlie laser usecl l,vas a ArF la-ser which hact an energy output of 100

rnJ/crnz ancl a repetition rate of 150 Hz. Most sam¡¡les were exposecl for 1or 2 xi06

pul.ses, a¡cl some sa;uples were exposed for up to 8 x 106 pulses. The area exposecl to

the laser bearn was ty¡>ically 0.5 x 1.0 cm2, which rneant that urost of the sample was left

unexposed, and therefore unclarnagecl, by the la.ser tesüs. It wa"s therefore possible to study

l¡oth the la-ser clarnagecl regions ancl the unclarnagecl regions of each sample in subsequent

gaûuna r4y clarnage nìeasruemeuts.

It is clifñcult to estimate the actual amount of energy absorbecl by the winclows for these

exposures since the total absorbanc.e at 193 nrn is very srnall, a¡rcl in fact, very difficult to

measrüe accurately with bhe s¡rectrophotometers which were usecl for this stucþ However,

it is possible to estirnate an upper liurit on the close basecl on reasonable lirnits in the

meastrred absorl>ance. The ener€ly c¡f 100 rnJf c# corresponcls tc¡ 6.2 x 1017 eV/cm2, or

6.2 x l-Otl MeVlcmzlptrlse. Assumin¡ç a beam spot of - 0.5 x 1.0 cmz, this corresponcls

to - 3.1 x 10ll MeV/Pulse. Rl'¿¡, wincl<¡w tiriclçness of 1 crn, the irracliated volume is

then 0.5 cm3. Multipl¡,i¡g this ìry the clerrsity of CaF2 (3.18 g/c.ur3) gi'tes an irradiatecl
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mass of - 1.6 g. This gives a dose of 3.1 x l0rrMeV/.0016 kg - 1.9 x 101a MeV/kg.

Given that 1 Gy : 6.24 x 1012 Mev/kg, this correspo¡(ls to - 31 Gy/pulse, if all of

the enéigy were al¡sorbecl. Assuming an absorl¡ar:.ce of - .01, this woulcl correspond to

^, 0.3 Gy/pulse. Hence, the absorbed tlose for 106 1>ulses wotrlcl be - 0.3 x 106 Gy :
30 Mracl. Therefore, the total absorbecl close in the samples which l\rere exposed to the

exciurer laser in these tests coulcl be qirite large. However, the total absc¡rbance at 193

nm could be sigr:ific.¿urtly less than 0.01. in which ca-se the total al:sorhecl clo-*e wou!<! bea ---t ---

correspondingly much smaller. In acldition, claurage clrre to color center formation often

restrits from ionization, which requires an energy sufficient to procluce an electron-hole pair

in the material. For 193 nm ¡rhotorrs) corresponcling to au energy of 6.4 eV, this requires

the sirmtlta¡reous absorption of two ¡rhotons, which is greatly su¡>pressecl relative to single

photon absorption. It is therefore liliely that for a given a¡nc¡urt of energy deposited in the

material, the 193 um laser light is cc¡nsiclerably less efficient than ¡çaurma ray radiation for

¡rroclucing color c.enters.

The o¡>tical absorba,uc.e as a fuuction of waveleugth for all saur¡rles were measurecl be-

fore a¡rcl after exposule to the exc:iurer laser at MiT using a Hewleti-Packarcl cliode axray

s¡:ectroureter. This is a single bean instrtu¡rent which requires lueasuremeuts with and

witl¡out the sarn¡>le in ¡rlace. The laser clama¡¡e rneasruenlents were carriecl out l¡etween

December 1992 ancl May 1994, while th.e gamma ray irradiations were done in early 1995.

Therefore, a consicl.erable ¿unount of tirne passecl by between the two sets of measurernents,

wlúdl allowed a certaiu atnourlt of recovery to take place before the gamma ray measure-

rnents were startecl. Tliis effect was notecl when the samples were reureasured at BNL prior

to their exposrue to gamma rays, as cliscussecl below.
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4. RESULTS FIìOM GAMMA IìAY DAMAGE

The previously la-ser clamagecl sam¡rles were sent to Brookhaven where their optical ab-

sorllauce ìvas nìeasru'ecl again in l.¡oth the clamagecl ancl unclamagecl region using a Hitachi

3210 clual bearn spec.trophotometer. Iu generai, goocl agreernent was found between the

nìea"slu'ernents r¡racie at MIT ancl a,t BNL, talting into account the recovery which occurrecl

between the two ueasru'eurents. This cam be seen frc¡ur the al¡sorbarrc.e clata for each sam-

¡ le rneasurecl at MIT ancl BNL given in Appenclix A. Recovery was ol:served in both CaF2

ancl MgF2, but in genr:r'al, the CaF2 showed rnore recovery than the MgF2.

The garnnì.a ray irracliations 'ffere carriecl out at the 60Co Ga¡nma Ray Irradiation

Facility (GRIF) at Brrrokhaven National Lab. This facility consists of a 20K Ci 60Co

source housed insicle a brrilcling coutaining a large UV-VIS spectrophotorneter which is

capable of measruin¡1 tlie change in optical absorba:rce of samples l:efcrre, d,uring., ancl after

irracliation. However, in the tests carriecl c¡ut in this study, tlie facility was only usecl as

a racliation source for irracliating samples at a close rate of 3.2 - 4.0 x 10a rad/hour. The

optical absorl¡ance ure¿Lsrlrements were uracle on the Hitachi 3210 spectro¡rhotometer in a

separate lalr within oue hour after irracliation.

An initial series of tests was clone for both the CaF2 ancl MgF2 samples to determine

what leve! of ex¡rosure wonlcl be a¡r¡rropriate to see the effects of gamma ray darnage in

each of these rnaterials. Figures 1-4 show tire change in absorbance in the CaFz and MgFz

saurples as a firnctiou c¡f gauuna ray close. Ii is clear that the CaF2 sam.ple shows clarnage

at a fairly low close (- fe* kracl), while the MgF2 sample shows rnuch less damage, as

measurecl in the trnclamagecl region, even up to a close of 100 I{rad. For the MgF2, tlie

damage appears to saturate, as is evicleut in the previously darnagecl region, while the CaF2

does not saturate, at le¿r^st up to 100 Kracl. It is also clear that very sirnila^r absorption

ba.nds are proclucecl by l.r<¡th the exciurer laser ancl galilrna ray ratliatic¡n in both materials.

Since it is only necessâry to proclr"rc.e garnrna ray clamage at a fairly low level in orcler to

stucly the correlatiou with the lasr:r clauage, it was deciclecl to eryrose all remaining CaF2

sampies tc¡ a <iose oí 1 kr'¿r.<l. Bet:¿ur¡se tlie MgF2 saurples clarnagecl rltuch less, ii was deciclecl

to use a dc¡se of 1 Mr'¿uI f<rr the MgFz f<rr the correlation stuciies.



5. COR.FLELATION RESULTS

It is clear frorn the clata given in A¡>pendix A that the radiation incluced abso4:tion in

both tià the CaFz aucl MgF2 sam¡rle.s are very .sirnilar fo¡ both the excimer laser a.ncl the

garnûra ray irraciiations. Iu ¡5encrai, two main regions of absorption l¡ancis appear in CaF2,

one with two prorninent 1>eaks bctween 300-400 nrn, and another siugle peak arouncl 600

nr¡r. However, not all sarn¡rles show tlre salne baucl structure, ancl there is a substantial

sampie to sam¡rie variaiicxr. Iu i;ile iVÍgF2, i;irere is a very ciistinci peale ¡rrocluceci ai 256

nm in all sarnples, amcl an aclclitional peak appears - 370 nrn iu sonìe sannples but not in

others. Nevertheless, the general structure of the inrlrrced absorbance in both materials is

very sirnilar for bc¡th ty¡>es of racliation.

Since the ultir¡rate a1>1:lication of the rnaterials usecl in this stucly is for optical corn-

ponents in 193 excirner lasers, it is clearly of interest to stucly the correlation between the

optical absorl¡ance iuclucecl at 193 um by the excimer la^ser with the absorl¡ance producecl

by gamma rays at the sa¡ne wavelength. Although the al>so¡bance at 193 was always mea-

surecl for each sa:nple, the absorl>ance at 200 nm can be measurecl with l¡etter accuracy

ancl is inclicative of the al>sorl>¿urce proclucecl in the same ]¡/avelen¡$h regiorì. It is also pos-

sible that a correlabi<.¡n exists br:tweeu the absorbance inclrrcecl by the laser in the 190-200

nur region arrcl other al>sor1:tiorr bancls proclncecl at other wavelengths. This is particularly

true for MgFz where tl¡ere is a ¡rror:únent banci at 256 nm which is inclucecl by both types

of racliation. One can also look at the uraximrr¡n incluced absorbauce at any wavelength,,

or take the integral of the inclucecl al>sorbance betweeu a partic,tilar set of wavelengtirs

(e.g., 190-800 nrn) as a ¡neasure <¡f lbe total inclucecl absorbance in the sarnple. We have

therefore definecl the fcrllc¡wing set of qrrantities usecl in the correlation stucly:

c laser damage /93 - laser inclucecl absorbauce at 193 nm.

Iaser d,amøge 250 - laser incluced absorbance at 256 nm (MgF2 only).

laser manirnurt. ind,uced - maximtuu la.ser inclucecl al¡sc¡rbance at auy wavelength

between 190 ancl 800 nm.

Co-60 ûuht.ced, 193 - GoCa inriur:ecl clauragr: at 193 run-

Co-60 indu,ced 200 - 60C<> iuclucecl cla.urage a.t 200 nrn.



o Co-60 induced 250 -60Co inclucecl clarnage at 256 nrn (MgF2 only).

c Co-60 rnarimttm ùtduced, - rnaximum 60Co incluced absorl¡ance at any wave-

length between 190 and 800 run.

o Co-60 su,m ind,u.ced - integral of 60Co inclucecl absorùance between 190 and 800

ltrn.

Eì;-"--- r. 1n .l'^"' rl'^ ,'."'--l-ri,'*.' ^l-.^""-'l ,i'. tlri,.foorr ñol-^ oo,r.'-loo /oo.l- i,..li.ofaã¿ ¡6ru vù

by tlre labels on the 1>oints) which were expose:rJto2 x 106 laser ptrlses aucl I krad of 60Co

racliation. Figures 5 shows siurpiy the self correlati<¡n betwee¡r the laser incluced clatnage

at 193 nrn arìd the ¡naxirmrur laser clarnage. Figue 6 shows the sarne self correlation for

the 60Co maxirnum incluc.ecl a¡d sum inclucecl damage. Figures ?-10 show the correlation

between the laser 193, laser rnaxirnurn induced, 60Co suru ancl 60Co ¡naxirnum induced

damage. The 60Co inclrrced absor¡>tion was urea.srlrecl through the lireviously unda.rnaged

region of the sanrple (i.e., a re¡çion of the sa:,nple which was ¡¿oú exposecl to the laser). It is

clear frorn Figures 7-10 that a cc¡rrelation does eøi.sú between the two sets of r¡reasurer¡rents.

The lea"st danragecl sarnple for l¡oth the excirner laser ancl gamrna ray exposures was sarnple

17, while the sam¡rle which clanagecl the urost was saurple 13B. Sarnple 014 appears to

cleviate frour the trencl given by the others, brrt the overall correlatic¡n is clear.

Figures I1-L7 give the cc¡rrel¿rtic¡n plots for six MgF2 saurples (eac.h again indicated by

the labels on the points) which vyere exposed to 2 x 106 laser pulses amcl I Mrad of 60Co

radiation. In these figures, the 60Co absorbance wa.s rneasruecl tl¡rough the previously

unclarnagecl region. Figures 11 ancl 12 show the self correlatio¡r clata, while figures 13-L7

give the correlation between the laser clanrage ancl the garnnìa ray clanrage. While it is

clear that the worst saur¡>le (sanrple 004) shows the rnaximurn clarnage in both cases, the

correlation for the sarn¡rles which clamage less is uot as clear a^s in the ca-se of CaF2.

Mea^surernents afber 60Co irracliatic¡n were alsc¡ r¡racle on the MgFz sarnples through

¡:reviously clanrage region, i.e., tlre sanre regio¡r which wa.s i¡litially exposecl to the laser.

Figtrres L8-22 shr.rw ¡tlots similar to Figrues 13-17 through the previously claurage region.

Again, the sarn¡rle with the maxinru¡n danrage is clearly iclentifiecl in both cases, but the

cor¡'eiation l¡etw<,:en ilrql c¡lher srun¡rles is less evideut.



6. CONCLUSIONS

This siudy has investigatecl racliation darnage produced in CaFz ancl MgF2 optical windows

prodo.à,I by a 193 nm ArF excimer laser anrl 60Co gaurrna rays. The general structure of

fhe racliation inclrrcecl alrsorption lrancls is very similar in both rnaterials for both types of

racliation. In CaF2, several absorl>tion bancls are ol¡servecl iu the 300-400 nrn region,, ancl

anotlrer at - 600 uur. In MgFz, a strong absorPtion ¡reak is observeci at 256 rlnt, and a

smaìier seconciar¡r peak is oìrservclci at - 37û nur in sorne sarnpies.

In tl¡e case of CaF2,, a clear correlatio¡r is observecl betweeu tire laser inclucecl damage

ancl the gamrÌla ray iucluc'.ecl clamage. This correlation can l¡e seren in a nurnber of variables

which rneasure the clegree of Laser or gaÌuna ray inclucecl clamage. Within the lirnits of

the small statistical sam¡>le measured, sorne clegree of correlatiorr is also observecl in MgF2.

However, for saurples which show only srnall amounts of clarnage for both types of radiation,

the correlation ìs less :r1>parent in MgF2 than in CaF2.

This stucly was intenclecl as a preliuìinary investigation into ihe effects of racliation

damage in both CaF2 ancl MgFz o¡lticzLl lnaterials. The experimr.:nts conclttcted betweeu

Optovac., MIT ancl BNL were not closely coorclinatecl clue to fact these were initially sep-

arate projects which were r:arried out inclepenclently of each other. Given the rather clear

inclicatic¡n c¡f ¿r. r:c.¡rrel¿ution observr:d between the diunage ¡rroclttcecl lly the two rneclanisrns,

it a¡r¡>ears to be extreurely wortlrwhiie to ¡rur;ue these stuclies in a ruore c<¡orcliuatecl way.

As stated earlier, this coulcl leacl to a sirn¡rle aucl c.ost efiective rneans of iclentifying radi-

ation harcl material l>efore it is fabricatecl into expensive optical contponents, and could

further leacl to better ancl irn¡rrovecl materials for the next generation UV lithography. We

feel that this work supports this claiur, and tliat aclclitional effort shoulcl be clevotecl to this

area in the future.

./
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Figure 5

CaF. 2M laser Pulses
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Figure 6

CaF. 2M laser Puises
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Figure 7

2M laser pulses
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Figure I

CaP" 2M laser Pulses
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Figure 9

2M laser pulses
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Figure 1-O

CaF, 2M laser Pulses
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Figure 1-1"

2M laser pulses

previously UNdamaged region.
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Figure L2

2M laser pulses
previously UNdamaged region.
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Figure 13

MgF. 2M laser pulses 4-zL-95

previously UNdamaged region.
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Figure L4

2M laser pulses

previously UNdamaged region.
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Figure 1-5

2M laser pulses
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Figure 16

MgF, 2M laser pulses +-Zt-95
previously UNdamaged region.
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Figure L7

2M laser pulses

previously UNdamaged region.
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Figure 18

2M laser pulses
previously damaged region
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Figure 1-9

2M laser pulses
previously damaged region

4-?,5-95MBFz

E
co
O
c'.¡

st
-oo
E
.s
O(o

I
o()

0.J0

o.25

o.2a

o-15

o" 10

0.05

0.o0

a.2 0.3

loser domoge

o
004A

f
_--___--_+_

-*__-J

i-- --*- - ------ 'i

i¡

laser induce

O 193nm i

v 256nm. i



MgFz

Figure 20

2M laser pulses
previously damaged region
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Figure 21

2M laser pulses
previously darnaged region
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Figure 22

MgFz 2M laser pulses -25-95
previously damaged region
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APPENDIX A

Absorbance Spectra for 193 nm Excimer Laser Exposures
at MIT and 60Co Gamma Ray Exposures at BNL
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